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A Talbot-Lau interferometer is demonstrated using micro-periodic gratings inclined at a glancing
angle along the light propagation direction. Due to the increase in the effective thickness of the
absorption gratings, the device enables differential phase contrast imaging at high x-ray energy, with
improved fringe visibility (contrast). For instance, at 28° glancing angle, we obtain up to ~35%
overall interferometer contrast with a spectrum having ~43keV mean energy, suitable for medical
applications. In addition, glancing angle interferometers could provide high contrast at energies
above 100keV, enabling industrial and security applications of phase contrast imaging. © 2012
American Institute of Physics. [http://dx.doi.org/10.1063/1.4748882]

Differential phase-contrast (DPC) or refraction based
x-ray imaging with Talbot-Lau grating interferometers is a
technique investigated for its capability to image low-Z
mater with improved contrast.'? Possible applications range
from biomedical, to material sciences, to non-destructive
testing (NDT), and to energy research.'® As an example of
medical application, Talbot-Lau interferometry is studied for
phase-contrast imaging of joint soft tissues, towards an
improved diagnostic of rheumatoid arthritis and osteoarthri-
tis disease.’

The conventional Talbot-Lau interferometer consists of
three micro-periodic gratings at normal incidence (“source,”
“beam-splitter,” and “analyzer"), which make an extended
area angular filter having a few p-radian resolution.'” By
blocking or transmitting the x-rays according to their propaga-
tion direction, this filter converts into intensity changes on a
conventional detector the small angular deviations due to x-ray
refraction in the imaged object. The beam-splitter is usually a
thin phase grating, while the source and analyzer are thick
absorption gratings made by filling with Au the gaps in a Si
or a photoresist substrate. Typical grating periods are in the
3-10 um range. The attractiveness of the Talbot-Lau method
for practical applications is that it can work with extended area
and spectrally broad x-ray sources, such as the high power W
anode tubes used for medical imaging.'~

A practical limitation of the Talbot-Lau grating interfer-
ometer is that, due to the limited absorber thickness possible
for few-micron period gratings, the fringe visibility or contrast
is decreasing rapidly with x-ray energy. The absorber thick-
ness is limited by the technologically feasible grating aspect-
ratio (thickness/period), which is at present around 20-25.”
Thus, for instance, the bars of an Au grating of 100 um thick-
ness will absorb only ~58% of 60keV x-rays; ~350 um Au
thickness would be needed for 95% absorption. The effect on
the interferometer contrast is illustrated in Fig. 1 with the
computed contrast for first Talbot order (m = 1) interferome-
ters, having 100 um thick Au gratings at normal incidence and
“design” or mean energies of 30keV and of 60keV. All the
gratings have 10 um period; the beam-splitter was assumed to
be a m-shift Si phase having thickness of 39 um at 30keV and
of 78 um at 60keV. The overall interferometer contrast is
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computed as V = (Igg — Ipp)/(Igg + Ipp), with Igg and Ipg the
“bright-field” and the “dark-field” intensity, respectively.'?
The computation was done with a model based on the XWFP
(X-ray Wave Front Propagation) wave propagation code,’®
which includes the contrast decrease due to the width of the
source grating openings. An opening of 1/2 the period, i.e., a
duty-cycle of 50%, was used for all the gratings. Assuming
perfectly absorbing source and analyzer gratings, the maximal
computed contrast is ~36%.

As seen in Fig. 1, the 100 um Au gratings enable achiev-
ing close to maximal contrast only in the 30keV case; in the
60keV case, the peak contrast reaches only ~8% and occurs
at considerably lower energy than the design energy. In addi-
tion, for an interferometer working with a spectrally broad
x-ray tube, the effective contrast is further reduced by spec-
tral averaging.”'”

At the same time, numerical simulations indicate that
high (>20%) interferometer contrast is critical for high energy
applications of the Talbot-Lau method.'®'" For instance, in
Ref. 11, it is computed that the noise in the phase gradient
image would decrease by more than an order of magnitude if
the interferometer contrast would increase from 10% to 50%.
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FIG. 1. Computed contrast for m = 1 normal incidence Talbot-Lau interfer-

ometers assuming 100 um thick Au source and 30 or 60keV design energy.
Also shown is the 60 keV case assuming 600 um thick Au gratings.
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FIG. 2. (a) Layout of the glancing angle Talbot-Lau grating interferometer.
(b) Method for achieving large field of view using multiple stacked gratings
at glancing angle.

This happens because the contrast together with the angular
resolution determines the sensitivity AI/AO with which the
interferometer converts angular x-ray deviations Af into in-
tensity changes AL In addition, high contrast is important at
high x-ray energy because the refraction angles decrease
rapidly with energy (approximately as 1/E* (Ref. 3)).

Our paper demonstrates a type of Talbot-Lau grating in-
terferometer that enables achieving high contrast at high x-ray
energy, using relatively thin gratings that can be easily pro-
duced with the existent technology. The proposed design uses
gratings inclined at a glancing angle o~ 10° —30° with
respect to the axis of the x-ray beam, with the grating bars ori-
ented along the direction of the beam (Fig. 2(a)). In this way,
the x-ray path through the absorption gratings increases from
the normal incidence value t, to a value of t/sin(c). This in turn
can strongly increase the interferometer contrast, as illustrated
in Fig. 1 with the computed contrast for a 60 keV interferome-
ter having 600 um thick Au gratings, as would be obtained
using for instance 100 um thick gratings at ~10° glancing
incidence. A similar design was earlier proposed by us using
“physical period” mirror gratings at grazing incidence.'?

Inclining the gratings increases also the x-ray path
through the phase grating, so that for a given design energy,
its thickness can be decreased from the normal incidence
value by a factor of sin(c). At the same time, the increase in
the x-ray path through the thin grating substrates does not
lead to strong beam attenuation. For instance, 60 keV pho-
tons passing through three 150 um thick Si substrates at 10°
glancing angle would be attenuated by only ~8%.

The practical limitation in the design in Fig. 2(a) is that
the field of view in the grating inclination direction is
reduced by a factor of sin(a). For typical grating sizes of
7-10 cm, this constrains the field of view in the inclination
direction to ~1-5cm at 10°-30° glancing angles. Large field
of view could however be simply obtained by stacking sev-
eral gratings as in Fig. 2(b).

Another constraint, shared with the normal incidence
Talbot-Lau interferometer, is that the field of view in the
direction orthogonal to the grating bars (horizontal in Fig.
2(a)) is limited (vignetted) by the analyzer, which acts as a
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collimator with small opening to length ratio. At glancing
incidence, this effect is enhanced by the larger effective col-
limation length.

While the design in Fig. 2(a) appears as a straightfor-
ward modification of the normal incidence Talbot-Lau inter-
ferometer, we note that it is difficult to theoretically assess
whether such a configuration will work with an extended
x-ray source and in cone beam geometry. Oblique incidence
Talbot-Lau interferometers having the grating bars perpen-
dicular to the direction of the x-ray beam have been pro-
posed in Ref. 12 and analytically and experimentally studied
in Ref. 13. The analysis in Ref. 13 was based on the approxi-
mation that the grating transmission function depends only
on the coordinates in the grating principal planes and not on
the coordinate along the beam direction. Thus, the effect of
inclining the gratings is simply to increase the apparent or
effective period, by a factor of 1/sin(e). This assumption is
no longer possible however in the case of gratings with the
bars oriented along the x-ray beam as in Fig. 2.

We therefore used an experimental approach to investi-
gate whether glancing incidence Talbot-Lau interferometers
can work with conventional x-ray tubes in cone beam geom-
etry and whether they increase the contrast at high energy.
For the experiments, we used a 5.4 um period “symmetric”
interferometer, in which the grating periods and the inter-
grating distances are equal. The symmetric configuration
provides maximal angular sensitivity for a given interferom-
eter length.” The glancing angle was varied in the range
~15°-45°. The source and analyzer gratings had 90 um thick
Au bars, while the phase grating had 7 um thick Ni bars. As
design or mean operating energy, we chose 43 keV, which is
approximately the mean energy of the transmitted spectrum
in the conventional x-ray radiography of the knee, typically
done with W anode tubes at 60 kVp. Assuming that the
phase shift of the inclined phase grating is determined by the
effective thickness t/sin(x), the Ni grating would produce a 7
phase shift for 43 keV x-rays when inclined at 28°. To com-
pare the glancing incidence and the normal incidence inter-
ferometers, we used also an Au phase grating with 8.5 um
thick bars, computed to produce a m phase shift for 43 keV

FIG. 3. (a) Moiré fringe pattern obtained with m =3 interferometer using
gratings inclined at 28°. The pattern size is 22 x 37 mm at the analyzer loca-
tion. The gratings were inclined in the horizontal plane instead of vertical as
in Fig. 2(a). Also shown is the central and peripheral fringe contrast. The
vertical intensity variation due to analyzer vignetting was removed by nor-
malizing an image without the grating. (b) Moiré fringe pattern from 9 mm
Al rod immersed in 100 mm water layer, using the m =3 interferometer at
18° glancing angle. (c) XWFP simulation of the Al rod immersed in water.
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x-rays at normal incidence. All the gratings had 50% duty-
cycle and were made by MicroWorks, Inc., Germany.

The detector was a 38 x 38 mm, 150 um thick CsI scin-
tillator optically coupled to a cooled CCD. The interferome-
ter was operated in the m =1 and m =3 Talbot orders, with
a total length of 0.52 and 1.56 m, respectively. Operation in
higher Talbot orders is needed to achieve sufficient angular
resolution for soft tissue applications.” To produce a spec-
trum with ~43keV mean energy, we used a W anode tube
operated at 60 kVp/1 mA and filtered the radiation through a
100 mm thick water tank. The samples to be imaged were
placed in the tank at a distance R ~ 6 cm behind the center of
the beam-splitter grating. This decreases the sensitivity to
refraction at the sample by a factor 1-R/D, with D the beam-
splitter to analyzer distance.” For the m =3 interferometer,
the decrease is only ~7%. This setup was used in all the
experiments below, with typical integration times of 30s for
80 x 80 um detector pixels.

The experimental results are illustrated in Figs. 3-5. Fig.
3(a) shows a 22 x 37 mm moiré fringe pattern obtained with
the interferometer in the m =3 Talbot order and with all the
gratings inclined at 28° glancing angle (effective Au thick-
ness ~190 um). The moiré fringes were produced by rotating
the analyzer with respect to the Talbot pattern. The fringe
contrast V= (Iax — Imin)/(Imax + Imin) reaches the remark-
ably high value of ~28% in the central region, decreasing to
~22% at the periphery. (Note that the contrast of a large pe-
riod moiré pattern is essentially equal to the “dark field/
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FIG. 4. (a) Moiré fringe pattern and intensity profile for m =1, (E) ~43keV
interferometer at 90° and at 28° glancing angle. (b) and (c) Similar result for
m =3 interferometer at 90°, 28°, and 18° glancing angles. (d) Computed
contrast for m=3, (E) =43keV interferometer using 90 um and 290 um
thick Au gratings; also shown is the computed spectrum of a 60 kVp W an-
ode tube filtered with 100 mm water.
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bright field” contrast above defined.) The pattern is slightly
distorted due to imperfections in the gratings and alignment,
amplified also by the glancing incidence. Nevertheless, the
result in Fig. 3 clearly demonstrates that glancing angle gra-
ting interferometers can work and also provide high fringe
contrast at high energy.

To verify that the glancing angle setup simultaneously
provides both high interferometer contrast and high angular
resolution, we measured the moiré fringe shift produced by a
9mm diameter Al rod immersed in the 100 mm water tank.
This combination is computed with the XWFP code to pro-
duce a ~2 urad refraction angle at the rod edges for 43keV
x-rays. (Since the refraction angle diverges at the very edge of
the rod, we use as representative value the angle at ~0.1 mm
inside the rod diameter, i.e., at a radius of ~4.4 mm.) The rod
was imaged using the m =3 interferometer with the gratings
inclined at 18° (effective Au thickness ~290 um). The 7 um
Ni phase grating was used as beam-splitter. At this inclination,
the grating is computed to produce a ~1.4 n phase shift for
photons of 43keV. The theoretical angular resolution, given
by the ratio between the analyzer period and the Talbot dis-
tance, is ~6.9 urad. Moiré fringe shifts of ~1/3 the fringe
period are thus expected in this setup, as also shown by the
XWFP simulation in Fig. 3(c). The experimental fringe pat-
tern and shift in Fig. 3(b) match indeed the XWFP calculation,
confirming that the interferometer functions with the expected
angular resolution.

Due to analyzer vignetting, the photon count decreases
from the center to the top and to the bottom of the image in
Fig. 3(a). At 28° glancing angle, the rate of intensity
decrease is around 13%/cm. Interestingly, however, the in-
terferometer contrast decreases at a considerably lower rate,
of only ~3.5%/cm. At 18° glancing angle, the rate of inten-
sity decrease about doubles, consistent with doubled effec-
tive aspect-ratio of the analyzer, while the rate of contrast
loss is ~5%/cm. This is also an encouraging result; due to
the high contrast values achieved with the glancing angle in-
terferometer in the center of the image, a 5%-10% contrast
decrease towards the edges of the image becomes tolerable.
The contrast decrease from the center to the periphery of the
image in cone-beam geometry can be explained by the devi-
ation from rectangular shape of the beam-splitter and ana-
lyzer grating bars, when viewed at an angle away from
normal.'*

The strong contrast increase possible with the glancing
angle interferometer is illustrated in Figs. 4(a)—4(c), which
compare the moiré fringe contrast obtained with first and third
order interferometers, at grating angles ranging from normal
incidence to 18°. The moiré pattern images have the same
contrast scale. The central fringe contrast V obtained from the
fringe intensity variation is also shown in each figure.

The contrast obtained with the normal incidence inter-
ferometer at high energy is modest, even when using high
aspect-ratio gratings: around 13% in the first Talbot order
and 9% in the third order. The contrast however nearly tri-
ples in both orders when using the 28° glancing angle inter-
ferometer. The simultaneous achievement of high contrast
and high angular resolution in the third Talbot order is prom-
ising for medical applications. Also encouraging for extrapo-
lation to higher x-ray energy is that this trend continues at
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FIG. 5. Attenuation (a), phase gradient (b), and refraction enhanced image
(c) of fresh lamb hip bone in 100 mm water tank, obtained with m =3 inter-
ferometer at 28° grating angle. (d) Moiré fringe image of the same bone;
also shown is the fringe visibility decrease as the thickness of the bone trav-
ersed by the x-rays increases.

smaller inclination angles, with ~34% contrast achieved in
the third order using gratings inclined at 18°.

While the experiment shows that the glancing angle inter-
ferometer can strongly improve contrast at high energy, it is
not clear however whether this improvement can be attributed
only to the increased effective absorber thickness. To evaluate
the contrast increase expected from the increased effective
absorption length at glancing incidence, we used normal inci-
dence calculations with our XWFP based model, in which we
varied the Au thickness in the source and analyzer gratings.
Fig. 4(d) shows the predicted spectral dependence of the
m =3 contrast for 90 um Au thickness (corresponding to the
normal incidence gratings) and for 290 um thickness (gratings
inclined at 18°). For comparison with experiment, the contrast
was averaged over the spectrum of the 60 kVp W anode tube,
filtered with 100 mm water absorber. The spectral dependence
of the detector efficiency was taken as proportional to the
fraction of absorbed x-rays in the Csl scintillator and to the
photon energy. As seen, the 9.7% computed contrast at nor-
mal incidence is close to the ~9% experimental value in
Fig. 3(b). The same good agreement holds for the m =1 case;
the computed contrast is 13.7% and the measured one 13.4%,
indicating that our normal incidence interferometer model is
quite accurate.

At glancing angles, however, the agreement between
calculation and experiment breaks down. The m =3 spec-
trally averaged contrast computed using the effective Au
thickness corresponding to 18° inclination is only ~24%,
while the experimental value is ~34%. For the effective Au
thickness corresponding to 28° inclination, the computed
contrast is 24.5% for m =1 and 18.6% for m = 3, while the
experimental values are 35% and 28%, respectively.

A possible explanation for this discrepancy is that, due to
imperfect alignment of the gratings, the source grating open-
ings viewed by the beam-splitter are slightly narrowed, thus
increasing the coherence of the beam. As discussed in Ref. 8,
this can have a strong effect on contrast, which is expected to
vary as ~exp(—1.9 s/g)z, with s the source grating opening
and g the period. In addition, any angular misalignment
between the gratings in the direction perpendicular to the in-
clination plane is amplified by the glancing incidence. The
existence of a small angular misalignment is suggested also
by the observation of a somewhat larger than expected
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intensity decrease when going from normal incidence to
glancing incidence. For instance, with the m = 1 interferome-
ter, we observe a 45% detector count decrease when going
from 90° to 28°, while the expected decrease due to the
increased absorption in the source and analyzer gratings is
estimated at only ~30%.

Nevertheless, the possibility exists also that the glancing
angle Talbot-Lau interferometer functions somewhat differ-
ently from the normal incidence one. For instance, Braig
et al. recently showed that EUV beam-splitter gratings oper-
ated at grazing incidence along the grating bars have better
performance in comparison to gratings operated in the con-
ventional manner, i.e., with the light perpendicular to the
grating bars."”

Regardless of the exact mechanism for contrast increase,
however, the high contrast attainable with glancing angle
interferometers at high x-ray energy improves the practical
applicability of Talbot-Lau interferometry. The potential for
improved soft tissue imaging is illustrated in Fig. 5, which
shows the conventional attenuation, the phase gradient, and
the refraction enhanced images of a ~35 mm diameter fresh
lamb hip bone, immersed in the 100 mm water tank. The
images were obtained with the m =3 interferometer at 28°
glancing angle and with the energetic spectrum in Fig. 4(d).
The phase gradient image was obtained using a 16 exposure
phase-scan, i.e., a scan of the relative position of the gra-
tings."” The refraction enhanced image was obtained in a
single exposure, with the interferometer tuned at the point of
maximal sensitivity to angular changes.>'® As seen, while
the thin cartilage layer is almost invisible in the attenuation
image, it becomes apparent in the phase gradient image.
More importantly, the simultaneous achievement of high
contrast and angular sensitivity with the m=3 glancing
angle interferometer allows visualizing the cartilage also
using a single exposure, refraction enhanced image. This
opens the possibility for clinical phase-contrast enhanced
imaging of soft tissues with reduced dose.

Further on, Fig. 5(d) shows a moiré image of the lamb
hip bone obtained in the m = 3, 18° glancing angle setup. The
notable feature is that due to the energetic x-ray spectrum and
the high contrast of the glancing angle interferometer, the
moiré fringes are still visible even after the x-rays traverse a
few cm of bone. The fringe contrast variation is also indicated
in Fig. 5(d), showing how the contrast progressively decreases
due to the strong ultra-small angle scattering (USAXS) char-
acteristic of bone.'” High energy glancing angle interferome-
ters could thus enable bone diagnostics, such as, for instance,
USAXS based assessment of osteoporosis.

Finally, our calculations indicate that using glancing
angle interferometers high contrast can be achieved also at
x-ray energies above the Au K-edge at 80 keV, where the Au
absorption strongly increases. We compute, for instance, that
up to ~40% contrast may be possible at (E) ~ 110keV using
100 pum thick, 40% duty-cycle Au gratings at 7° inclination.
Such performance would open possibilities for industrial,
NDT, and security applications of Talbot-Lau interferometers.
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